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Autophagy involves de novo formation of
double membrane-bound structures called
autophagosomes, which engulf material to be
degraded in lytic compartments. Atg8 is a ubiq-
uitin-like protein required for this process in
Saccharomyces cerevisiae that can be conju-
gated to the lipid phosphatidylethanolamine
by a ubiquitin-like system. Here, we show using
an in vitro system that Atg8 mediates the teth-
ering and hemifusion of membranes, which
are evoked by the lipidation of the protein and
reversibly modulated by the deconjugation
enzyme Atg4. Mutational analyses suggest
that membrane tethering and hemifusion ob-
served in vitro represent an authentic function
of Atg8 in autophagosome formation in vivo. In
addition, electron microscopic analyses
indicate that these functions of Atg8 are in-
volved in the expansion of autophagosomal
membranes. Our results provide further insights
into the mechanisms underlying the unique
membrane dynamics of autophagy and also in-
dicate the functional versatility of ubiquitin-like
proteins.
INTRODUCTION
Autophagy is an evolutionally conserved protein degrada-
tion pathway in eukaryotes that is essential for cell survival
under nutrient-limiting conditions (Levine and Klionsky,
2004). In addition, recent studies have revealed a wide
variety of physiological roles for autophagy (Mizushima,
2005) as well as its relevance to diseases (Cuervo, 2004).
During autophagy, cup-shaped, single membrane-
bound structures called isolation membranes appear
and expand, which results in the sequestration of a portion
of the cytosol and often organelles. Eventually, spherical,
double membrane-bound structures called autophago-
somes are formed (Baba et al., 1994), and then deliveredto and fused with lysosomes or vacuoles to allow their
contents to be degraded. Studies in S. cerevisiae have
identified 18 ATG genes required for autophagosome
formation, most of which are also found in higher eukary-
otes (Levine and Klionsky, 2004). Recent studies have
shown that Atg proteins constitute five functional groups:
(i) the Atg1 protein kinase complex, (ii) the Atg14-contain-
ing phosphatidylinositol-3 kinase complex, (iii) the Atg12-
Atg5 protein conjugation system, (iv) the Atg8 lipid con-
jugation system, and (v) the Atg9 membrane protein
recycling system (Yorimitsu and Klionsky, 2005). The
mechanisms by which these units act collaboratively
with lipid molecules to form the autophagosomes, how-
ever, are still poorly understood.
Atg8 is one of two ubiquitin-like proteins required for
autophagosome formation (Mizushima et al., 1998; Ichi-
mura et al., 2000). Because it has been shown that Atg8
and its homologs (LC3 in mammals) localize on the isola-
tion membranes and the autophagosomes, these proteins
have been used in various studies as reliable markers for
the induction and progression of autophagy (Kirisako
et al., 1999; Kabeya et al., 2000; Yoshimoto et al., 2004).
In S. cerevisiae, Atg8 is synthesized with an arginine resi-
due at the C terminus, which is immediately removed by
the cysteine protease Atg4 (Kirisako et al., 2000). The
resulting Atg8G116 protein has a glycine residue at the
new C terminus and can serve as substrate in a ubiqui-
tin-like conjugation reaction catalyzed by Atg7 and Atg3,
which correspond to the E1 and E2 enzymes of the ubiq-
uitination system, respectively (Ichimura et al., 2000).
Remarkably, unlike other ubiquitin-like conjugation sys-
tems, Atg8 is conjugated to the lipid phosphatidylethanol-
amine (PE), thereby Atg8 is anchored to membranes
(Ichimura et al., 2000; Kirisako et al., 2000). Immunoelec-
tron microscopy revealed that Atg8, probably as a PE-
conjugated form (Atg8-PE), is predominantly localized
on the isolation membranes rather than on the complete
autophagosomes (Kirisako et al., 1999), suggesting that
Atg8-PE plays a pivotal role in the process of autophago-
some formation. The precise function of Atg8-PE, how-
ever, has remained unknown.
The conjugation of Atg8 to PE is reversible; Atg4 also
functions as a deconjugation enzyme, resulting in theCell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 165
release of Atg8 from the membrane (Kirisako et al., 2000).
This reaction is thought to be important for the regulation
of the function of Atg8 and/or the recycling of Atg8 after it
has fulfilled its role in autophagosome formation.
We reconstituted the Atg8-PE conjugation reaction
in vitro with purified components (Ichimura et al., 2004).
Here, we show using this system that Atg8 mediates the
tethering and hemifusion of liposomes in response to the
conjugation with PE. These phenomena observed in vitro
are suggested to reflect a bona fide in vivo function of Atg8
in the expansion of the isolation membrane. Based on
mutational analyses and structural information, the mech-
anisms of Atg8-mediated membrane tethering and hemi-
fusion as well as its regulation are discussed. This study
sheds light on the molecular basis of unconventional
membrane dynamics during autophagy, which is gov-
erned by the Atg proteins.
RESULTS
Lipidation of Atg8 Causes Clustering of Liposomes
In Vitro
As reported previously (Ichimura et al., 2004), when puri-
fied Atg8G116 (hereafter, referred to as Atg8), Atg7, and
Atg3 were incubated with liposomes containing PE in
the presence of ATP, Atg8-PE was efficiently formed
(Figure 1A, lanes 1–6). Intriguingly, the reaction mixture
became turbid during the incubation (Figure 1B), which
under a light microscope, was found to be a result of grad-
ually forming aggregates (Figure 1C). Both the degree of
turbidity and the size of the aggregates appeared to corre-
late with the amount of Atg8-PE produced in the mixture.
Size-distribution analyses using dynamic light scattering
(DLS) clearly showed that the aggregates formed in an
Atg8-PE dose-dependent manner (Figure 1D). These
aggregates disappeared when the samples were treated
with the detergent CHAPS (Figure 1E, +CHAPS). In addi-
tion, if a small amount of PE modified with the fluorescent
dye 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD) was included
in the liposome preparation, the aggregates became
uniformly fluorescent (Figure 1E, NBD-PE). These results
suggest that the aggregates generated during the produc-
tion of Atg8-PE were clusters of liposomes.
When the proteins were denatured with urea, the clus-
ters of liposomes dissociated, although Atg8 remained
conjugated to PE (Figure 1E, +urea and Figure 1F, lane
2), indicating that the liposomes aggregated due to
some function of the Atg8 protein rather than an artifact
caused by Atg8-PE as the lipid with the extraordinarily
large head group. When the aggregates were sedimented
by centrifugation, Atg8-PE co-precipitated with the lipo-
somes (Figure 1G, lane 2), whereas Atg7, Atg3, and
unconjugated Atg8 did not (Figure 1G, lane 3). The
sedimented liposomes containing Atg8-PE remained
clustered even if they were briefly sonicated (Figure 1H,
ppt.). These results suggested that Atg8-PE molecules
function to tether together membranes to which they are
anchored.166 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.Atg8-PE Also Mediates Liposome Fusion
We also examined if membrane fusion occurred between
the liposomes connected by Atg8-PE. To this end, we
took advantage of a well-characterized lipid mixing assay
(Struck et al., 1981). This method is based on energy
transfer from NBD to lissamine rhodamine B (Rho), each
of which is conjugated to PE. Because the amino group
of the ethanolamine moiety is modified with the dyes,
these lipids cannot be conjugated with Atg8. If both of
the conjugated dyes are present at appropriate concen-
trations in the same liposome, the fluorescence of NBD
is effectively quenched by Rho (Figure 2A, compare col-
umns 1 and 4). If a ‘‘NBD+Rho’’ liposome is fused with
a ‘‘nonlabeled’’ liposome, which results in an increase of
the average distance between the two dyes on the
membrane, the NBD fluorescence will be dequenched. A
mixture of the nonlabeled and NBD+Rho liposomes
were subjected to the conjugation reaction. The resulting
liposome clusters were dissociated by proteinase K treat-
ment, followed by fluorescence measurements. Remark-
ably, a significant ATP-dependent increase of the fluores-
cence was observed (ATP is required for the production of
Atg8-PE; Figure 2B, column 6). This increased fluores-
cence was not observed with samples of nonlabeled lipo-
somes alone, NBD+Rho liposomes alone, or a mixture of
nonlabeled liposomes and liposomes containing NBD-
PE but not Rho-PE (Figure 2B, columns 1-3). These results
suggest that membrane fusion occurred between the lipo-
somes tethered together by Atg8-PE. The increased fluo-
rescence was only observed if the reaction mixture was
treated with proteinase K (Figure 2B, columns 4 and 6).
This appeared to be due to the presence of Atg7 and/or
Atg3 rather than Atg8 or some effect of the clustering,
because the NBD fluorescence was not increased by
the addition of Atg4 (Figure 2B, column 5), which detached
Atg8 from the membranes and dissociated the clusters
of liposomes (see below). Instead, decreasing the con-
centrations of the conjugation enzymes allowed the
dequenching of the NBD fluorescence to be detected
without proteinase K digestion (Figure 2B, column 7).
The fusion of the liposomes was examined with various
amounts of Atg8 (Figure 2C). The level of fusion increased
Atg8 dose-dependently and reached maximum at 2 mM
(Figure 2C). In contrast, a larger amount of Atg8 produced
an inhibitory effect (data not shown). This suggested that
formation of the large aggregates resulted from excessive
tethering by Atg8-PE, which no longer lead to fusion.
We also carried out time-course experiments to roughly
estimate the fusion rate using the lower concentrations of
the conjugation enzymes (Figure 2D), which eliminated the
need for the proteinase K treatment (Figure 2B). It should
be noted that the incubation time includes the times re-
quired for the formation of Atg8-PE and the subsequent
tethering and fusion reactions. Under these conditions,
the band of Atg8-PE could be seen on an SDS-PAGE
gel after a 10 min incubation, and the reaction was
completed within 30 min (Figure S1 in the Supplemental
Data available with this article online). It appeared that
Figure 1. Membrane Tethering Function of Atg8-PE In Vitro
(A–C) Purified Atg8 (10 mM), Atg7 (1 mM), and Atg3 (1 mM) were incubated with liposomes (350 mM lipids) composed of 55 mol% DOPE, 30 mol%
POPC, and 15 mol% blPI in the presence (lanes 1–6) or absence (lanes 7–12) of 1 mM ATP at 30C for the indicated time periods, followed
by urea-SDS-PAGE and CBB-staining (A), measurement of the absorbance at 600 nm (B), or observation under a light microscope (Nomarski
images) (C).
(D) Conjugation reactions with the various amounts of Atg8 were performed as described in (A). After incubation for 60 min, the size distribution of
the aggregates was examined using DLS measurements. d.nm, apparent diameter (nm).
(E and F) The conjugation reactions were carried out as described in (A). They were further incubated at 30C for 30 min in the presence of either
6 M urea or 1% CHAPS and were then subjected to microscopy (E) or urea-SDS-PAGE and CBB-staining (F). The reaction was also performed
with liposomes containing 1 mol% NBD-labeled DOPE (thus containing 54 mol% unlabeled DOPE), followed by fluorescence microscopy. A fluo-
rescence image with a filter for YFP (NBD-PE, FL) and a Nomarski image (NBD-PE, DIC) are shown.
(G and H) Atg8 (30 mM), Atg7 (2 mM), and Atg3 (2 mM) were incubated with liposomes (350 mM lipids) consisting of 70 mol% DOPE and 30 mol%
POPC in the presence of 1 mM ATP at 30C for 45 min (total). The mixture was microcentrifuged at 15,000 rpm for 10 min to generate the pellet
(ppt.) and the supernatant (sup.) fractions. The fractions were briefly sonicated and were analyzed by urea-SDS-PAGE (G) or observed under a light
microscope (H). In this experiment, blPI was omitted to prevent Atg7 and Atg3 from tightly binding to the liposome. We showed that Atg8 could
also cause hemifusion of liposomes with this lipid composition.Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 167
Figure 2. Membrane Hemifusion Occurs
between Liposomes Tethered by
Atg8-PE
(A and B) Nonlabeled (55 mol% DOPE, 30
mol% POPC, and 15 mol% blPI), NBD-labeled
(55 mol% DOPE, 29 mol% POPC, 15 mol%
blPI, and 1 mol% NBD-DOPE), and NBD+Rho-
labeled (55 mol% DOPE, 27.5 mol% POPC, 15
mol% blPI, 1 mol% NBD-DOPE, and 1.5 mol%
Rho-DOPE) liposomesweremixed in the differ-
ent combinations and ratios indicated. Their
relative intensities of the NBD fluorescence ob-
served are shown (the value obtainedwith a 4:1
mixture of the nonlabeled and NBD+Rho lipo-
somes was defined as 1) (A). These mixtures
of liposomes were incubated with Atg8 (4 mM),
Atg7 (0.5 or 1.0 mM), and Atg3 (0.5 or 1.0 mM)
in the presence (filled columns) or absence
(open columns) of 1 mM ATP for 60 min, and
were then treated with 1 unit/ml apyrase. The
mixtures were further incubated for 30 min
with the buffer (columns 4 and 7), 1 mM Atg4
(columns 5 and 8), or 0.2 mg/ml proteinase K
(columns 1-3, 6 and 9), followed by measure-
ment of the NBD fluorescence. The experi-
ments were repeated three times and the
average fluorescence values divided by those
obtained from the original liposome samples
(F/F0) are presentedwith error bars for the stan-
dard deviations (B).
(C) A 4:1 mixture of the nonlabeled and
NBD+Rho liposomes was incubated with
various amounts of Atg8, 1.0 mM Atg7, and
1.0 mM Atg3 in the presence (open circles) or
absence (filled circles) of ATP, and the samples
were then treated with proteinase K, followed
by measuring the NBD fluorescence.
(D) The conjugation reactions were performed
with the mixed liposomes used for the lipid
mixing assay, 0.5 mM Atg7, and 0.5 mM Atg3
in the presence or absence of Atg8 (4 mM)
and ATP. After incubation for the indicated
time periods, an aliquot of the samples was
immediately subjected to the fluorescence
measurements. The values that were obtained
by subtracting the signals observed in the
absence of ATP from those observed in the
presence of ATP are presented.
(E) The lipid mixing assay was performed with
4 mM Atg8, 1 mM Atg7, and 1 mM Atg3 in the
presence or absence of ATP (white bars in
columns 3 and 2, respectively) as described in
(C). For PEG-induced fusion reactions, the mixed liposomes were incubated at 37C for 30min in the presence or absence of 12.5% PEG 3350 (white
bars in columns5and4, respectively). These samples aswell as theoriginal liposomes (column1)were then incubatedwith 20mMsodiumdithionite on
ice for 20 min in the presence (black bars) or absence (gray bars) of 0.5% Triton X-100, followed by the NBD fluorescence measurement.the liposomes began to fuse shortly after the formation of
Atg8-PE. The fusion reaction proceeded concurrently with
the conjugation reaction and continued for 30min after the
completion of the Atg8-PE production (Figure 2D, filled
circles).
Small liposomes < 100 nm in diameter tend to sponta-
neously fuse (Chen et al., 2006), and the liposomes we
used in the above experiments were 70 nm in diameter
(Figure 1D). However, we also showed that Atg8-PE168 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.caused a significant level of fusion between larger lipo-
somes in spite of their stability against spontaneous fusion
(Figure S1). Taken together, these results suggest that not
only tethering but also fusion of the liposomes is mediated
by Atg8-PE.
The Atg8-Mediated Membrane Fusion Is Hemifusion
Recent in vitro studies on membrane fusion mediated by
SNARE proteins and a class of viral proteins revealed
that fusion proceeds through an intermediate state called
hemifusion, in which outer (contacting) leaflets of two
apposed lipid bilayers merge, while inner (distal) leaflets
remain intact (Chernomordik and Kozlov, 2005). It was
also reported that fusion can be arrested or delayed at
the hemifusion state under some conditions. Therefore,
we investigated whether the liposome fusion caused by
Atg8 in vitro was complete fusion (the merger of both inner
and outer leaflets) or hemifusion (Figure 2E). This can be
examined using the membrane impermeable reductant
sodium dithionite that selectively abolishes the fluores-
cence of NBD conjugated to the lipid head group in the
outer leaflet (Meers et al., 2000). Accordingly, when so-
dium dithionite was added to the original liposomes, the
background level of the NBD fluorescence was decreased
by about 50%, whereas it was hardly detected in the pres-
ence of the detergent (Figure 2E, column 1). Strikingly, the
NBD fluorescence increased by the Atg8-mediated fusion
was totally eliminated by addition of sodium dithionite
to the same level as those observed in the original lipo-
somes and the reaction mixture incubated without ATP
(Figure 2F, columns 1-3). Whereas, we confirmed that in
liposome fusion induced by polyethylene glycol (PEG),
which causes complete fusion (Akiyama and Ito, 2003),
about half of the increased fluorescence was retained af-
ter sodium dithionite treatment (Figure 2F, columns 4 and
5). Taken together, membrane fusion mediated by Atg8
in vitro was suggested to be hemifusion.
To obtain direct evidence of hemifusion, we analyzed
the morphology of liposomes by electron microscopy
(Figures 3A–3E), in which liposomal membranes were
observed as double white lines that correspond to the
outer and inner leaflets. When the clusters of liposomes
formed by Atg8-PE were analyzed, tight junctions
between the liposomes were observed (Figures 3B and
3C, arrowheads). Consistent with the biochemical results
suggesting that complete fusion does not occur, the size
of the individual liposomes did not appear to significantly
increase (compare Figures 3A and 3B). Instead, hallmarks
of hemifusion, trifurcated structures formed by one contin-
uous outer leaflet and two separate inner leaflets, could be
observed at the junction between the liposomes (Figures
3C–3E, arrows). These results strongly support our con-
clusion that Atg8-PE causes hemifusion of liposomes.
Atg8 Forms a Multimer in Response
to the Conjugation with PE
We also performed immunoelectron microscopy of the
liposomes clustered by Atg8-PE (Figures 3F–3I). Intrigu-
ingly, Atg8-PE tended to be enriched at the junction be-
tween the liposomes (Figures 3G–3J). While, if the mixture
incubated without ATP was similarly analyzed, the signal
was rarely observed on the liposome (Figure 3F; the gold
particles observed should represent unconjugated Atg8
adsorbed onto the grid). These results indicate that
Atg8-PE is directly involved in the tethering and hemifu-
sion of liposomes.We observed that ‘‘naked’’ liposomes do not associate
with liposomes carrying Atg8-PE (data not shown),
suggesting that tethering should be achieved due to
interactions between Atg8-PE molecules on different
membranes. We therefore examined the intermolecular
interaction of Atg8-PE by crosslinking experiments (Fig-
ure 4). The reaction mixture containing Atg8-PE or
unconjugated Atg8 was incubated with the lysine-to-
lysine reactive crosslinker DSS. We found that a crosslink
adduct with a molecular weight of 24 kDa on a SDS-
PAGE gel specifically appeared in the sample containing
Atg8-PE (Figure 4A, lane 5). Considering the molecular
weights of the proteins included, this adduct should
represent an Atg8-PE homodimer. Immunoblotting anal-
yses with anti-Atg8 revealed that two additional crosslink
adducts of about 37 and 100 kDa were also specifically
produced in the Atg8-PE-containing sample (Figure 4B,
lanes 2–4 and Figure S2). These products were immuno-
stained neither with anti-Atg7 nor anti-Atg3 (data not
shown), suggesting that they represent a trimer and
a larger multimer of Atg8-PE, respectively, and thus
that Atg8 multimerizes in response to PE conjugation.
We also showed that this multimerization correlates
with the membrane tethering ability of Atg8 (see below),
indicating that interactions between Atg8-PE molecules
on different membranes are responsible for the tethering
of the membranes.
The Membrane-Tethering and Hemifusion
Functions of Atg8 Are Modulated
by the Deconjugation Enzyme Atg4
Our results suggest that the membrane-tethering and
hemifusion functions of Atg8 are evoked by the conjuga-
tion with PE, whereas Atg4 functions as a deconjugase
that cleaves the linkage between Atg8 and PE (Kirisako
et al., 2000). We reconstituted this reaction in vitro. After
producing Atg8-PE using the conjugation reaction, the re-
action was terminated by adding apyrase to deplete the
remaining ATP. When purified Atg4 was then added,
Atg8-PEwas rapidly and almost completely deconjugated
(Figure 4C, lanes 1-6). In contrast, when the Atg4 was
pretreated with the cysteine protease inhibitorN-ethylma-
leimide (NEM), the deconjugation reaction did not occur
(Figure 4C, lanes 7–12). These results clearly show that
Atg4 is sufficient for the deconjugation of Atg8-PE. Upon
deconjugation, the liposome aggregates immediately
dissociated (Figure 4D). In addition, we found that multi-
merization of Atg8 is also reversible; the crosslink adducts
corresponding to the Atg8-PE dimer (Figure 4A, lane 6) as
well as the trimer and the multimer (data not shown) were
hardly formed when DSS was added after the deconjuga-
tion reaction. We also showed that the presence of Atg4 in
the conjugation reaction retarded the accumulation of
Atg8-PE and accordingly interfered with the tethering
and hemifusion of the liposomes (data not shown). It
was indicated that membrane tethering and hemifusion
by Atg8 can be regulated by the balance between the
conjugation and deconjugation reactions.Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 169
Figure 3. ElectronMicroscopic Analyses
of the Liposomes Tethered and Hemi-
fused by Atg8-PE
Conjugation reactions were performed with
4 mM Atg8, 1 mM Atg7, and 1 mM Atg3 in the
presence (B–E and G–I) or absence (A and F)
of ATP for 60 min and subjected to phospho-
tungstic acid-staining and electron micros-
copy (A–E). The junctions between the lipo-
somes and the structures suggested to
represent hemifusion are indicated with arrow-
heads and arrows, respectively. The same
samples were also subjected to immunostain-
ing using purified anti-Atg8-IN-13 and anti-rab-
bit IgG conjugated with 5 nm gold particles, fol-
lowed by phosphotungstic acid-staining and
electron microscopic observation (F–I). To as-
sess the enrichment of Atg8-PE at the junction
of the liposomes (J), images of two contacting
liposomes as shown in G and H were randomly
picked up (n = 41). The lengths of contacting
(CR) and noncontacting regions (non-CR) of
the liposomal membranes were measured
(white bars), thereby the number of gold parti-
cles on each region (gray bars) was divided,
in which the length of the contacting region
was doubled, to calculate the linear density
(black bars). The average values are presented
with error bars for the standard deviations.Identification of Mutations that Impair the
Postconjugational Function of Atg8 In Vivo
If the functionof Atg8-PEweobserved in vitrowas involved
in autophagosome formation in vivo, Atg8 mutants defi-
cient for this function should result in defective autophagy.
To examine this idea, we performed structure-based and
systematic mutational analyses of Atg8 (Figure 5). The
structures of mammalian homologs revealed that Atg8
family proteins consist of two domains: an N-terminal heli-
cal domain (NHD) and a C-terminal ubiquitin-like domain
(ULD) (Paz et al., 2000; Coyle et al., 2002; Sugawara
et al., 2004; Figures 5E–5H). Among the highly conserved
residues in the ULD, we selected those with side chains
that were exposed on the domain surface (Figure 5A),
and individually replaced them with alanine, except that
serine was substituted for Ala75. Consequently, we did170 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.notmutate residues suggested to be important for interac-
tions with the conjugation enzymes, because these resi-
dues are conserved only for their hydrophobic nature
(Sugawara et al., 2004). The Atg8 variants were expressed
from centromeric plasmids in Datg8 yeast cells, and their
autophagic activities were biochemically assessed (see
Supplemental Experimental Procedures). In nutrient-rich
media, the autophagic activity was low in all of the mutant
cells as well as in the wild-type cells (data not shown). In
contrast, in nitrogen starvation conditions, which strongly
induced autophagy, a number of mutants were found to
have defective autophagic phenotypes (Figure 5B). Ala-
nine replacement of seven residues, Ile32, Lys48, Leu50,
Arg65,Asp102, Phe104, andTyr106, significantly impaired
the autophagic activity to 30%–60% of that of the wild-
type (Figure 5B). Immunoblotting analyses showed that
Figure 4. The Membrane-Tethering
Function and Multimerization of Atg8
Are Reversibly Regulated in Response
to Conjugation with PE
(A) Conjugation reactions were performed as
described in Figure 3 in the presence (lanes
2, 3, 5, and 6) or absence (lanes 1 and 4) of
ATP. They were mixed with 1 unit/ml apyrase,
and then incubated with (lanes 3 and 6) or with-
out (lanes 1, 2, 4, and 5) purified Atg4 (0.5 mM)
at 30C for 30 min. These samples were further
incubated with (lanes 4–6) or without (lanes 1–
3) 100 mM DSS for 30 min, and then analyzed
by urea-SDS-PAGE and CBB-staining.
(B) The reaction mixture including ATP was in-
cubated with different concentrations of DSS
as indicated, followed by urea-SDS-PAGE
and immunoblotting with anti-Atg8-IN13. We
also identified a crosslink product that reacted
with anti-Atg3 (Atg8xAtg3).
(C and D) The conjugation reactions performed
as described in Figure 1A were mixed with 1
unit/ml apyrase. Atg4 (0.5 mM) pretreated with
(lanes 7–12) or without (lanes 1–6) 10 mM
NEM was then added, and the samples were
incubated for the indicated time periods and
subjected to urea-SDS-PAGE and CBB-stain-
ing (C). The same samples were also observed
under a light microscope (D).a substantial amount of each of the Atg8 mutant proteins
accumulated in the cells (Figure 5D), although there were
some differences in their mobilities in SDS-PAGE analysis;
for instance the PE-conjugated and unconjugated formsof
the D102A mutant exhibited almost the same mobility.
None of the mutations significantly affected the formation
of Atg8-PE (Figure 5D), suggesting that the mutations
impaired a function of Atg8 that was exerted after the
conjugation with PE.
Notably, these mutants accumulated different levels
of unconjugated Atg8 under the starvation conditions
(Figure 5D, starvation), which allowed us to classify them
into three groups. For the class I mutants K48A and
L50A, the levels of the unconjugated forms were similar
to that of the wild-type (Figure 5D, denoted in purple).
On the other hand, compared to thewild-type, lower levels
of the unconjugated forms were detected in the class II
mutants I32A, D102A, F104A and Y106A (Figure 5D,
denoted in red), whereas a larger amount of the unconju-
gated class III mutant R65A accumulated (Figure 5D,
denoted in orange). We then mapped the mutated resi-
dues onto the three-dimensional structure of LC3 (Suga-wara et al., 2004), which revealed that class of the mutant
corresponded to the location of the mutation. All the class
II residues were clustered in a specific region on the ULD
(hereafter, referred to as the class II region), and the two
neighboring class I residues were located close to the
class II region (Figure 5E). In contrast, the class III residue
was located away from the other mutated residues (Fig-
ures 5G and 5H).
The NHD of Atg8 contains two helices: a1 and a2
(Figure 5A). We constructed two mutants, one with a dele-
tion of a1 (DN8) and a second bearing deletions of both
helices (DN24). It was shown that the NHD is involved in
autophagy partially but significantly; the DN8 and DN24
mutations decreased the autophagic activity by about
30 and 40%, respectively (Figure 5C). We also showed
that the deletions did not affect the stability of the proteins
or the formation of the PE conjugates (Figure S3).
Effects of the Atg8 Mutations on the
Membrane-Tethering Function
We next examined whether the mutations affected the
liposome-clustering ability of Atg8 in vitro (Figure 6).Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 171
Figure 5. Isolation of Autophagy-Defective Atg8 Mutants
(A) Sequence alignment of Atg8 and its mammalian homologs. Residues that are identical and similar among the Atg8 homologs are denoted in red
and yellow, respectively. The mutagenized residues are numbered with their residue numbers from yeast Atg8.
(B and C) The Atg8 mutants were expressed from centromeric plasmids in Datg8 yeast cells. The cells were grown in SD+CA+AT media to mid-log
phase and then starved in SD-N media for 4.5 hr to induce autophagy. The autophagic activities were determined using an ALP assay (see Supple-
mental Experimental Procedures). The experiments were repeated three times, and the average values are presented with error bars for the standard
deviations. The mutations affecting autophagy are represented with different colors according to the phenotypes they produced (see text): class I
(purple), class II (red), and class III (orange).
(D) The Datg8 cells expressing the Atg8 mutants were grown to mid-log phase (Nutrient rich) and then starved (Starvation) as described above. The
accumulation of Atg8 was examined by urea-SDS-PAGE, followed by immunoblotting with anti-Atg8-N antibodies.
(E–H) The residues substituted in the autophagy-defectivemutants are identified on the three-dimensional structure of LC3 using a Swiss-pdb viewer.
The NHD is shown using a ribbon model in (E) and (H) to make the class II residues visible. The panels (E) and (F) are the same view except for the
representation of the NHD. The N and C represent the most N-terminal and C-terminal residue, Lys5, and Glu117 that are visible in the LC3 structure,
respectively.Recombinant mutant proteins were purified and sub-
jected to the PE-conjugation reaction. Consistent with
the results obtained in vivo, all the mutant proteins were
almost completely converted to the conjugates after incu-172 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.bation for 120 min, although the conjugation rates differed
(Figure 6A). Strikingly, microscopic observations revealed
that none of the class II and class III mutants could cause
clustering of the liposomes (Figure 6B). Likewise, the NHD
Figure 6. In Vitro Characterization of the Atg8 Mutants
(A) The conjugation reactions were performed with the wild-type and mutant Atg8 proteins (5 mM), followed by urea-SDS-PAGE and CBB-staining
as described in Figure 1A.
(B) After a 120 min incubation, the reaction mixtures described in (A) were observed under a light microscope.
(C) The sizes of the liposome clusters obtained with the Atg8 mutants were examined using DLS measurements.
(D) The membrane-tethering functions of several mutants were also examined with lower or higher concentrations of the proteins as indicated.
(E) Different amounts of the Atg8 mutant proteins were used in a lipid mixing assay as described in Figure 2C.
(F and G) The Atg8 mutant proteins (4 mM) were subjected to the conjugation reaction for 120 min as described in (A) and treated either with 100 mM
DSS (lanes 8–14), 1 mMSMPH (lanes 15–21), or the solvent DMSO (lanes 1–7) for 30min, and analyzed as described in Figure 4B (F). The crosslinking
experiments with SMPHwere repeated three times and the bands representing the Atg8-PEmultimers were quantified. The average values (the value
obtained with the wild-type protein was defined as 100%) are shown with error bars for the standard deviations (G).Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 173
mutants were found to be defective for membrane tether-
ing. In contrast, the class I mutations, in particular the
L50A mutation, increased the liposome clustering. The
membrane-tethering functions of the mutant proteins
were also analyzed using DLS measurements (Figures
6C and 6D). Although the results were consistent with
the microscopic observations, this analysis detected
some clustering of the liposomes with the mutant proteins
(Figure 6C, compare red, orange, and blue circles with
gray circles). Interestingly, when the Atg8 concentration
was raised to 10 mM, the clusters of the liposomes formed
by the class III and NHD mutants became larger; those
sizes were similar to that observed with the wild-type at
5 mM (compare Figure 6D, orange and blue circles with
Figure 6C, black circles). On the other hand, raising the
concentration of the class II mutant F104A only slightly
rescued the phenotype (Figure 6D, red circles), suggest-
ing that the class II region in the ULD is particularly impor-
tant for the membrane-tethering function of Atg8.
Involvement of Atg8-PE in Membrane Hemifusion
The lipid mixing assay was then performed using the
mutant proteins (Figure 6E). We showed that sodium
dithionite totally cancelled the NBD fluorescence
increased after the reaction with the mutants as well as
with the wild-type, suggesting that membrane fusion
mediated by the mutant proteins was also hemifusion
(data not shown). As expected, most of the mutants
exhibited membrane-hemifusion activities that corre-
sponded to their tethering abilities. The K48A mutant,
which caused enhanced membrane tethering, had
a higher hemifusion activity than the wild-type protein.
Conversely, the hemifusion of the liposomes was severely
impaired with the F104A and Y106A mutants, which were
significantly defective for membrane tethering. Moreover,
the hemifusion activities of the R65A and DN8 mutants at
low concentrations, which caused defects in liposome
clustering that could be rescued by increasing the amount
of the mutant protein, were lower than that of the wild-
type, whereas they were similar to that of the wild-type
at the highest concentration tested. Intriguingly, some dis-
crepancies between the tethering and hemifusion activi-
ties were seen with the L50A and DN24 mutants. Even
though the L50A mutant had a much higher tethering abil-
ity than the wild-type (Figures 6B and 6D), its hemifusion
activity was lower than thewild-type level for all of the con-
centrations examined (Figure 6E). We showed that only
faint clustering with the L50A mutant as well as the wild-
type protein was detected by the DLS measurements at
the lowest concentration (1 mM), suggesting that extensive
aggregation is unlikely to explain the lowered hemifusion
activity of the L50A mutant. Similarly, although the lipo-
some-clustering ability of the DN24 mutant was similar
to that of the DN8 mutant (Figures 6C and 6D), its mem-
brane-hemifusion activity was severely attenuated
(Figure 6E). These results indicate that the tethering
between the liposomes is not sufficient for efficient hemi-174 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.fusion, and that Atg8-PE also facilitates the hemifusion of
the liposomes.
We also examined multimerization of the Atg8 mutants
in response to PE conjugation (Figure 6F). In this experi-
ment, we used another crosslinker, SMPH that allowed
us to detect the crosslink adduct representing the Atg8-
PE multimer more clearly than DSS (Figure 6F, compare
in lanes 8-14 and lanes 15-21). Although the formation of
the Atg8-PE dimer adduct was not significantly affected
by any mutation, the efficiency of multimer adduct forma-
tion correlated with themembrane tethering abilities of the
mutants (Figures 6F and 6G). The DN8, F104A, Y106A,
and R65Amutations, which impairedmembrane-tethering
function, significantly decreased the production of the
multimer adduct. In contrast, a larger amount of the cross-
linked multimer was observed in the L50A mutant, which
showed the much higher tethering ability than the wild-
type protein. It was suggested that multimerization of
Atg8-PE is responsible and required for the tethering of
membranes, and that dimerization and trimerization are
not sufficient for this function (also see Discussion).
In this way, we identified the Atg8mutants with compro-
mised membrane-tethering and hemifusion activities
among the autophagy-defective mutants. The results sug-
gested that membrane tethering and hemifusionmediated
by Atg8 in vitro represent its actual function in autophago-
some formation in cells.
Membrane-Tethering and Hemifusion Activities
of Atg8 Are Required for Expansion
of the Autophagosomal Membranes
Finally, we analyzed autophagosome formation in cells
with the compromised membrane-tethering and hemifu-
sion activities of Atg8 by electron microscopy (Figure 7).
Because the strains lacked the vacuolar protease Pep4,
autophagic bodies, the inner membrane structures of
the autophagosomes, were frequently observed in the
vacuoles of thewild-type cells (Baba et al., 1994; Figure 7).
In contrast, these intravacuolar structures were not
observed in Datg8 cells (Kirisako et al., 1999; Figure 7).
Similarly, autophagic bodies were hardly observed in the
cells expressing a double mutant bearing two of the class
II mutations (F104A+Y106A) that exhibited an almost
totally abrogated autophagic activity (Figure 5B), indicat-
ing that membrane-tethering and hemifusion activities of
Atg8 are essential for autophagosome formation. In addi-
tion, we found that autophagic bodies that were evidently
smaller than those in the wild-type cells accumulated in
the cells expressing the F104A, DN8 and DN24 mutants
that exhibited the significantly, but not completely, com-
promised membrane-tethering and hemifusion activities
(Figure 6) as well as the autophagic activity (Figure 5).
These results indicated that membrane-tethering and
hemifusion activities of Atg8 are involved in the expansion
step of the autophagosomalmembranes.We also showed
that autophagic bodies were rarely observed in the K48A
and L50A mutants (data not shown). This could be due
Figure 7. Autophagic Bodies Accumula-
tion in Atg8 Mutant Cells
Datg8 Dpep4 yeast cells expressing the Atg8
variants were starved for nitrogen, subjected
to rapid freezing and freeze-substitution
fixation, and observed using electron micros-
copy. V, vacuole.to their exacerbated tethering ability or to their unknown
defects (also see Discussion).
DISCUSSION
Two features of Atg8 and its homologs were of particular
interest to us; their localization on autophagosomes and
intermediate structures allowed us to use the proteins as
reliable markers for autophagy, whereas their lipidation,
which is mediated by a ubiquitin-like conjugation system,
raised an intriguing question about how this peculiar ubiq-
uitin-like protein is involved in membrane biogenesis. In
this work, we demonstrated that Atg8 functions to tether
and hemifuse liposomes in response to lipidation. These
functions of Atg8 were suggested to be vital for the
enlargement of autophagosomal membranes. Our results
provide the first experimental evidence indicating that the
Atg protein directly drives the growth of autophagosomal
membranes.We verified the biological significance of the functions of
Atg8 identified in vitro by mutational analyses. Recently,
Amar et al. (2006) carried out similar analyses of Atg8
and identified two sites required for autophagy; one site
interacts with Atg4, whereas the other site is required for
a postconjugational function of Atg8. In addition to L50A
they reported, we here have identified a new set of
autophagy-defective Atg8 mutants.
All of the four class II residues were clustered in a
specific region on the ULD. This region proved to be
important for the clustering and hemifusion of the lipo-
somes. In addition, the crosslinking experiment showed
that the class II mutations also impaired multimerization
of Atg8-PE. Whereas SMPH crosslinks between lysine
and cysteine residues, Atg8 has the unique cysteine resi-
due Cys33 that lies adjacent to the class II region
(Figure 5E). It is suggested that the class II region as well
as Cys33 is in or in close vicinity to an interprotomer inter-
face in the Atg8-PE multimer. Intriguingly, the class IICell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc. 175
region, however, is entirely covered with the NHD in the
crystal structures of mammalian homologs (Sugawara
et al., 2004; Paz et al., 2000; Coyle et al., 2002; compare
Figures 5E and 5F). However, GABARAP was also
reported to assume an ‘‘open’’ conformation, in which
a1 from the NHD is flipped away from the ULD, leading
to the exposure of the class II region on the ULD (Coyle
et al., 2002). In addition, we reported that Atg8-PE showed
a much higher reactivity with antibodies against the NHD
than was observed for the unconjugated form, indicating
that PE conjugation causes a conformational change in
the NHD (Ichimura et al., 2004). Therefore, we propose
that Atg8 adopts an ‘‘active’’ conformation upon PE con-
jugation, which dissociates the NHD from the ULD, allow-
ing the class II region to induce multimerization, followed
by the tethering and hemifusion of the membranes. In
this connection, we showed that the mutations in the
ULD did not affect the conformation of the NHD in either
the unconjugated or PE-conjugated states (Figure S4),
indicating that the defects caused by the mutations in
the ULD were not due to an aberrant conformational
change in the NHD. On the other hand, we found that
the NHD deletions also significantly affected membrane
tethering and hemifusion as well as the formation of the
Atg8-PE multimer, suggesting that this domain not only
plays a regulatory role but also acts cooperatively with
the ULD in membrane tethering and hemifusion.
Notably, we found that the crosslinked product repre-
senting the Atg8-PE trimer accumulated in the class II
and NHDmutants (Figure 6F). This may reflect their defec-
tive interaction between Atg8-PE on different membranes,
which accumulates the trimer as a ‘‘precursor’’ on the
membrane. This trimer accumulation, however, was not
observed in the class III mutant R65A, even though this
mutant was also defective both for membrane tethering
and multimerization. Arg65 may be required for cis-inter-
action between protomers on the same membrane, which
is prerequisite for multimerization in trans.
The class I mutants K48A and L50A slightly and dramat-
ically enhanced the clustering of the liposomes, respec-
tively. This type of exacerbated tethering could perturb
the membrane dynamics involved in autophagosome
formation. Incidentally, the L50A mutation also severely
impaired the intracellular localization of Atg8, although it
did not affect formation of the conjugate (Amar et al.
(2006); Figures S5 and 5D).
It was suggested that Atg8-PE is also involved in
hemifusion of liposomes (Figures 2 and 6E). As has been
suggested for SNARE-mediated fusion (Jahn and Schel-
ler, 2006), a tight association between Atg8-PE molecules
on different membranes may bring the two lipid bilayers in
close proximity and induce their deformation, leading to
hemifusion. Recently, hemifusion has been defined as
a common intermediate in biological fusion pathways
(Chernomordik and Kozlov, 2005). Interestingly, it was
reported that fusion arrested at hemifusion if the trans-
membrane region of influenza hemagglutinin was
replaced with the lipid glycosylphosphatidylinositol176 Cell 130, 165–178, July 13, 2007 ª2007 Elsevier Inc.(Kemble et al., 1994), and also if about half of the trans-
membrane region of the SNARE protein Snc2p was
truncated (Xu et al., 2005). Given these reports and the
fact that Atg8 is anchored to membranes through the
conjugation with PE that does not span the lipid bilayer,
it would be reasonable that membrane fusion caused by
Atg8-PE is hemifusion.
A significant level of hemifusion could be observed with
1 mM Atg8 (Figure 2C), allowing us to estimate that
approximately 150 molecules of Atg8-PE per liposome
are required to cause hemifusion (see Supplemental
Experimental Procedures). On the other hand, our quanti-
tative immunoblotting analysis showed that there exist
five to seven thousands Atg8-PE molecules per cell under
nutrient starvation conditions (our unpublished results).
In addition, Atg8-PE is thought to be enriched on the iso-
lation membranes and some unidentified lipidic structures
(see below). Therefore, it would be possible that Atg8-PE
exerts its membrane-tethering and hemifusion functions
in cells.
The membrane-tethering and hemifusion activities of
Atg8 were suggested to be required for the expansion of
the autophagosomal membranes (Figure 7). How are
these functions of Atg8 involved in this process? We
previously reported that in addition to its predominant
localization on isolation membranes, Atg8 was also
enriched in the cytoplasmic region close to the vacuole
and an opening in the isolation membrane, which were
always less electron dense (Kirisako et al., 1999), suggest-
ing that lipidic structures containing Atg8-PEwere present
in these regions. Although we have no morphological
information for these structures, lipid molecules to grow
isolation membranes may be supplied therefrom, in which
Atg8-PE serves as part of the tethering and fusionmachin-
ery. Assuming membrane vesicles for these structures,
one can speculate that their hemifusion with the isolation
membrane caused by Atg8-PE proceeds to complete
fusion to expand the isolation membrane, which requires
other proteins and/or a specific lipid composition of the
membranes. This model is particularly appealing given
a report that autophagosome formation does not involve
Sec18, a homolog of the NSF that is fundamentally
required for membrane fusion by SNAREs (Ishihara
et al., 2001). However, we also consider another still vague
but intriguing possibility that hemifusion, not complete
fusion, is involved as a final state in the biogenesis of
autophagosomes through an unconventional, nonve-
sicle-mediated mechanism. Nevertheless, future studies
should dissect autophagosome formation into defined
substeps and identify the lipidic structures that contain
Atg8-PE.
We showed that the functions of Atg8 could be nega-
tively regulated by Atg4 (Figure 4). In contrast, a complex
of another ubiquitin-like conjugate, Atg12-Atg5, with
Atg16 has been suggested to stimulate Atg8-PE formation
(Suzuki et al., 2001; Hanada and Ohsumi, 2005). The
altered accumulation of the unconjugated forms of the
Atg8 mutants (Figure 5D) may signify a relationship
between the membrane-tethering and hemifusion func-
tions of Atg8 and its regulation by these factors.
It was surprising that the ubiquitin-like protein Atg8
caused the tethering and hemifusion of membranes. It is
generally believed that ubiquitin and other ubiquitin-like
proteins serve as posttranslational modifiers that regulate
the degradation, interactions, localization, and functions
of their target proteins (Welchman et al., 2005). In this
respect, our studies with Atg8 provide new conceptual
insights into the ubiquitin-like proteins; a ubiquitin-like
protein itself has an activity that is regulated by its target
molecule. Although the fundamental mechanisms under-
lying the biogenesis of autophagosomes are still enig-
matic, they will be unveiled by addressing the membrane
dynamics involving this ubiquitin-like protein.
EXPERIMENTAL PROCEDURES
Yeast Strains, Media, Plasmids, and Other Materials
The yeast strains and the media used in this study are described in the
Supplemental Experimental Procedures. Plasmids for the expression
of the Atg8 mutants in yeast as well as in E. coli were constructed as
described in the Supplemental Experimental Procedures. The cross-
linking reagents DSS and SMPH were purchased from Pierce.
Urea-SDS-PAGE and Immunoblotting Analysis
All SDS-PAGE was performed with 13.5% polyacrylamide gels
containing 6 M urea to separate Atg8-PE from unconjugated Atg8
(Kirisako et al., 2000). GelCode blue stain reagent (Pierce) was used
for CBB-staining of the proteins. Immunoblotting analyses were
performed as described in the Supplemental Data.
In Vitro Atg8-PE Conjugation Reaction
Procedures for protein purification and liposome preparation are de-
scribed in the Supplemental Data. The conjugation of Atg8 to PE
was performed as described previously (Ichimura et al., 2004) except
that a buffer composed of 20mMHEPES-KOH (pH 7.2), 150mMNaCl,
1 mMMgCl2, and 0.2 mM dithiothreitol (DTT) was used as the reaction
buffer, and the ATP regeneration system was omitted.
Dynamic Light Scattering Measurement
To determine size-distribution profiles of the liposomes, the samples
were appropriately diluted with the conjugation reaction buffer and
subjected to DLS measurements at 30C using a Zetasizer Nano-S
system (Malvern Instruments) according to themanufacturer’s instruc-
tions.
Lipid Mixing Assay
The lipid mixing assay was based on the method described by Struck
et al. (1981). The details of the assay are described in the text and the
legend to Figure 2. The fluorescence from NBD was measured with an
F-3010 fluorescence spectrophotometer (Hitachi) and excitation and
emission wavelengths of 460 and 530 nm, respectively.
EM analysis
The morphology of liposomes and the accumulation of autophagic
bodies were examined using electron microscopy as described in
the Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and five figures and can be found with
this article online at http://www.cell.com/cgi/content/full/130/1/165/
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